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deformed D-branes by considering the tachyon condensation from systems of DpDp-branes, 
unstable D9-branes and unstable D-instantons to the BPS saturated Dp-branes, respectively. 
We argue that the deformed systems are generally regarded as tachyonic and/or massive 
excitations of the open strings on DpDp-brane systems. 
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1 Introduction and Overview 



Black holes are important objects to investigate the nature of space-time beyond the descrip- 
tion by the general relativity. For example, the study of the black hole entropy provides the 
holographic principle pQ, which gives a strong constraint to the property of quantum gravity. 
The microscopic properties of black holes are also intensively investigated from the viewpoint of 
string theory. For example, many black hole (or brane) solutions are known in the low energy 
effective theory of the superstring theory. In particular, for BPS saturated solutions of Type II 
(or Type I) supergravity, it is well known that there is a correspondence between the classical 
solutions and the systems of the BPS D-branes j2j. In this sense, it is natural to assume that 
there is a stringy origin for a general classical solution of Type II supergravity, even for non-BPS 
systems. 

In our previous paper we treated a general classical solution of Type II supergravity 
with the symmetry ISO(l,p) x SO (9 — p), which is called as the "three-parameter solution" 

The solution had been thought to be the low energy counterpart of the DpDp-brane system 
with a constant tachyon profile (vacuum expectation value (VEV)), where the three parameters 
had been supposed to correspond to the number of the D-branes, that of the anti D-branes 
and the VEV of the tachyon field In however, we re-examined this correspondence 

and found that the above conjecture is not correct and the three- parameter solution is the low 
energy counterpart of the DpDp-brane system with a constant tachyon VEV only if one of the 
three parameters, c%, is tuned to zero. 

In this paper, we consider the stringy interpretation of missing c\ and give some explicit 
examples of the stringy counterparts of the three-parameter solution. As we mentioned in the 
previous paper [3], c\ is related to the "dilaton charge", which characterizes the asymptotic 
behavior of the dilaton field. It is well known that black holes with horizons do not have the 
dilaton charge in general, which is supported by the no-hair theorem, but some exceptions are 
known [2J [7J |S] and we have not understood this phenomena systematically 9 . One of the 
purposes of this paper is to give an approach to this problem from the microscopic (string 
theoretical) point of view. 

Our strategy is making use of the known correspondence between the BPS black p-brane 
solution in the supergravity and the BPS Dp-branes in the string theory, and extending this 
correspondence by appropriately deforming the both sides. On the supergravity side, this leads 
to a new characterization of the solution. We will find that the BPS limit of the three-parameter 
solution consists of two extremal limit, that is, the ordinary BPS condition and the condition 
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that the dilaton charge is proportional to the ADM mass. Then, the three-parameter solution 
is characterized by two non-extremality parameters (and the RR-charge). In particular, the 
parameter c\ is related to the second non-extremality. On the string theory side, we will for- 
mally deform the boundary state for the BPS Dp-brane, which respects the same symmetry 
of the three-parameter solution. By evaluating the long distance behavior of the solution of 
the supergravity and the massless emission from the deformed boundary state, we will directly 
compare the (microscopic) deformation parameters of the boundary state and the (macroscopic) 
parameters in the three-parameter solution. From this analysis, we show that the first kind of 
non-extremality corresponds to the non-BPS nature, while the second kind (hence c\) is related 
to the deformation of the boundary condition from the ordinary Neumann/Dirichlet one. 

As examples of the deformed boundary states, we consider three systems of D-branes. The 
first one is the system we consider in which possesses only the first non-extremality since 
the DpDp-system follows the ordinary boundary condition, that is, the Neumann boundary con- 
dition for the longitudinal directions and the Dirichlet boundary condition for the transverse 
directions. The second and the third example are systems of unstable D9-branes and unstable 
D-instantons, respectively, with an appropriate tachyon condensation to the BPS Dp-branes, 
which actually have non-trivial dilaton charges, i.e. non-zero value of c\. They possess the 
deformation of the boundary condition for the worldsheet, which represent in some sense fuzzi- 
ness in transverse or longitudinal directions, respectively. From these examples, we discuss 
that deformed boundary states which respect the symmetry of the three-parameter solution can 
be obtained by considering DpDp-systems on which tachyonic and/or massive excitations are 
turned, in general. 

The organization of this paper is as follows. In the next section, we review the three- 
parameter solution and we propose a new characterization of the solution in terms of two non- 
extremality parameters. In the section 3, we give the string theoretical interpretation to the 
parameter c\ and give three examples of the deformed boundary states. The section 4 is devoted 
to the conclusions and discussions. 

2 The Three-Parameter Solution and Non-Extremalities 

In this section, we first give a short review of the three-parameter solution. Then, by investi- 
gating the BPS limit of the solution, we propose a new characterization of the solution in terms 
of two non-extremality parameters. 

First of all, we consider Type II supergravity in the following setting: 
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• Assume a fixed, (p + l)-dimensional object as a source carrying only RR (p + l)-form 
charge. 

• Spacetime has the symmetry 150(1, p) x 50(9 — p) and it is asymptotically flat. 

Note that these ansatzes are the same as those for the BPS black p-brane solution (we will 
consider the region < p < 6 in this paper). Under these conditions, it is sufficient to consider 
the metric, the dilaton and the RR (p + l)-form field. The relevant part of the ten-dimensional 
action (in the Einstein frame) is given by 

1 ,~ ,,9 1 3-f , 



2k z 



2.1 



where -^(p+2) denotes the (p + 2)-form field strength which is related to the (p+ l)-form potential 
of the RR-field A^+V as F(jp + 2) = dA(p + \y According to the symmetry 750(1, p) x 50(9 — p), 
we should impose the following ansatz, 

ds 2 = gMNdx M dx 

= e 2A ^ Vflu dx^dx v + e 2B(r) 5 ij dx i dx j 
= e 2A ^^ v dx»dx v + e 2B ^(dr 2 + r 2 dft 2 8 _ p) ), 
<j> = 4>(r), 

A (P+1) = e A(r) dx A dx l A . . . A dx p^ ( 2 .2) 

where M = = 0, ••• ,p are indices of the longitudinal directions of the p-brane, 

h J ' = P + 1; ' ' ' > 9 express the orthogonal directions, and r 2 = x l Xi. 

The authors of [I] gave a general solution of Type II supergravity of this system. As the 
solution includes three integration constants, it is called as the three-parameter solution, which 
is given by 1 

= (7-p)(3-p)ci _ 7-p ^ [cosh(A;/l(r)) _ C2 sinh ( k U r ))] (2.3) 
64 16 

B(r) = -^—Hf-(r)f+(r)} 
7 — p 

- f A ~ Kr) + In [cosh(kh{r)) - c 2 smh(kh(r))] , (2.4) 

= (p+l)(7-p)ci + 3-p ^ rw^w^ _ C2 S i n h(fc/ i (r'))] , (2.5) 
16 4 

e A(r) = ,2 _ iU/2 sinh(fch(r)) f2 6 ) 

A 2 ; coeh(Jfefc(r)) -c 2 sinh(£;/i(r))' 1 j 



1 In the authors consider the D-dimensional gravity theory and have constructed a general solution with 
the less symmetry SO(p) x SO(D — p — 1) as the four-parameter solution. The three-parameter solution is a 
restricted one. 
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where 



/ ± (r) = l±^, (2.7) 



r 7-p 

'I 
J- 



h{r) = In ( ?f- ] , (2i 



fc 



'2(8 -p) (p + l)(7-p) 



7-p 16 



, (p + l)(7-p) 2 ^ 

77 = ±1, (2.10) 

where 77 denotes the sign of the RR-charge. The three parameters 2 , ro, c±, c 2 , are the integration 
constants that parametrize the solution. As in (SJ, the domain of the parameters in the solution 
(|2~3|) - (l2~5|l we take is 

ciG[0,c m ], (2.11) 
c&€ (-oo,-l]U[l,oo), (2.12) 
r 7 " p G R. (2.13) 

where we have already fixed the Z 2 symmetries of the solution, 

(r ~ p ,c 1 ,c 2 ,sgn(k),r]) -> (rg~ p , ci, -c 2 , -sgn(k), -77), 

(r 7 ~ p ,c 1 ,c 2 ,sgn(k),r]) (-rl~ p ,-ci,c 2 ,-sgn(k),rj), (2.14) 

by choosing ci > and > 0. Furthermore, we have a degree of freedom to choose the signs 
of r ~ p and c 2 . As we mentioned in Sec.l, we will discuss the BPS black p-brane limit of the 
three-parameter solution and in order to take that limit consistently, we must choose one of the 
two branches, 

" n v > 0, Co > : branch J + , 

° " (2.15) 
"0 P — 0> c 2 < : branch J_. 

From the viewpoint of the gravity theory, the three-parameter solution describes charged 
dilatonic black objects. Thus, the RR-charge Q, the ADM mass M and the dilaton charge 
D are natural quantities to characterize the solution. For convenience, we consider wrapping 
the spatial worldvolume directions on a torus T p of volume V p . The RR-charge is given by an 
appropriate surface integral over the sphere-at-infinity in the transverse directions HOj ; 

\Q\_= 2(4 - lY' 2 kN p r 7 - p , (2.16) 

2 We have labeled C3 of 4 as C2 and k as — k according to [Sj- 
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where 

(8 - P )(7-py s - p K 

p 16k 2 



and LUd = rud+iy?) 1S ^ ne v °l ume of the unit sphere S d . The ADM mass is defined in jlll I12j 



r((d+i)/2) 

as 



7 — p M 1 ,„ / 1 \ . 

where 1)2.1 7jl is used. This gives us j5] 

M = (2c 2 k + ^-t*\ N p r 7 - p , (2.19) 
Similarly, we define the dilaton charge by its asymptotic behavior in the transverse direction as 

m 3 



° ' +0 (2.20, 



N p r 7 -P V r 2 ( ? -p) 



which gives 



■P_ t (p+l)(7-p) 

2 



= ( - ^"T ^ ) 7V p r 7 - p . (2.21) 



Here we give some historical remarks on the dilaton charge. As we referred in [3], the dilaton 
charge is a familiar quantity in the general relativity )14l 1151 1161 117) and it has been investigated 
for a long time in various contexts, for example, the no-hair theorem ^5], the cosmic censorship, 
the scalar field collapse )19j . It is well known that the existence of the dilaton charge would 
change the structures of spacetimes drastically ^3 El HO] and generally cause naked singularities 
to appear 4 . The extensions to the higher-dimensional theories |21j or the stabilities of such 
singular spacetimes have been also investigated by many authors jlUHIIl- I n spite of those 
investigations, we have not systematically understood the relation between the horizon and the 
dilaton charge, for example, what kind of the dilaton couplings to the RR-charge can avoid to 
make a spacetime singular. 

Since the three-parameter solution is the most general solution with the symmetry ISO(l,p) x 
SO (9 — p), it naturally includes the BPS black p-brane solution; 

ds 2 = firy^r^^dx^dx" + f{r) 2 ^ L 5 ij dx i dx j , (2.22) 
e*(r) = f(r)^, (2.23) 
A(r) = -V {fir)' 1 ~ 1) , (2-24) 



e 



3 Their original definition is in the string frame but here we define it in the Einstein frame in the same manner. 
4 There are some exceptions which have horizons even if there is non-zero dilaton charge [7 8 2 as we mentioned 

in the introduction. These solutions may be related not to the three-parameter solution, but to the four-parameter 

solution. The three-parameter and the four-parameter solution coincide with each other in the case of D = 4 and 

p = 0, so they are not distinguishable in such a case. We will discuss the relation between the condition of the 

formation of horizons and the parameters of the supergravity solutions in the forthcoming paper. 
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where 



/W = l + ^- (2-25) 



Note that fiQ is the only parameter of the solution, and therefore, all the quantities are labeled 
by it as 

\Q\ = M = A> , D = ^piVo, (2.26) 

where (jlq takes an arbitrary non-negative value. In this paper, we will restrict ourselves to the 
charged case, i.e., /io > 0. 

As we claimed in the parametrization by (ci, C2, tq) is not suitable to take the BPS limit, 
and so we defined a set of parameters (ci, /io, v) which was defined by 



j-v - v ^o 2 i_l 

= ~2k' C2 ~ l= u 



4 - 1 = (2.27) 



The domain of f becomes 



< v < oo for the branch 7+, 

(2.28) 

— oo < v < for the branch 

since we choose c\ > 0, fc > and /xo > 0. Using these parameters, the RR-charge, the ADM 
mass and the dilaton charge are rewritten as 

\Q\ = N ptM) , (2.29) 
M = ( V / lT^+ ^ Cj f) N pf x , (2.30) 

D = VTT^ - (P + 1) 4 (7 " P) ^) iV P ,o = - ^iV^ . (2.31) 

Then, it is easy to show that the three-parameter solution (j2.3|) - (J2.6|) reduces to the BPS 
black p-brane solution H2.22j) - (|2.24|) in the limit v — > for arbitrary values of c\ and Since \Q\ 
is unchanged in this limit, we can set fio to the same value as the black p-brane 5 . We emphasize 
here that since there are three parameters, the BPS limit consists of two extremal limits, i.e. 
M = \Q\ and D = ^^-M. The former is the ordinary BPS condition, which guarantees the 
preservation of the spacetime supersymmetry. Although the latter says that the dilaton charge 
is proportional to the ADM mass, its physical meaning is obscure at this stage. Nevertheless, if 
we take the BPS limit as a starting point, it is quite natural to characterize the solution by two 
non-extremality parameters, that represent the deviation from the BPS black p-brane solution. 

For the neutral case, i.e., \Q\ = 0, another parametrization is suitable. 
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From this observation, we introduce following quantities m and d defined by 

\/l + i> 2 , (2.32) 
k 



m 



d=^, (2.33) 



which are related to the quantities above as 



\Q\ = iV> , (2.34) 
M=(m + ^-j^d^J N p fio, (2.35) 

D=(^rn- ( P+1 ^- p) d)N p » Q . (2.36) 



The region of these quantities are determined as 

m > 1, d > for the branch J + , 
m > 1, d < for the branch 



(2.37) 



The BPS solution lies vara = 1 and d = in the overlap of i+ and I_. Note that the ADM mass 
and the dilaton charge are not conserved Noether charges and are frame-dependent quantities. 
Although their definition is ambiguous in some sense, they can characterize the deviation from 
the Minkowski space. On the other hand, our quantities m and d represent the deviation from 
the BPS black p-brane solution. As opposed to the ADM mass M, m is always greater than 
1. Hence, m can be considered as a non-extremality parameter in the ordinary sense, while d 
denotes the difference between the ADM mass M and the dilaton charge D. Note that d is 
related to the parameter c\ directly. As we have shown in P] , the three-parameter solution with 
c\ = denotes the spacetime which is produced from the DpDp-brane system with a constant 
tachyon VEV. Since a main purpose of this paper is to clarify the stringy meaning of c\, our 
task is to find sources in the string theory which produces d ^ structure. 

At the end of this section, we give the long distance behavior of the three-parameter solution 
(|2.H|) - (|2.6|) . which is given by the leading term of 1/r expansion. In terms of (fio, m, d) it is given 
by 

e 2AW = 1 - V ( m + A + ° 2(7 - p) ) , (2-38) 

e 2B(r) = 1 + P+±^ m + ^ZE d \ J^_ + ( 1/r 2(7- P )) ( (2 39) 

m = (»Z£ ra - fe + lff-g) ,) ^_ + o (l/r^) , (2.40) 

e A(r) = r] J^_ + ( 1 / r 2{7-p)\ {2Al) 
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We will compare them with the massless emission from the source in the string theory in the 
next section. 



3 Excitations on the Dj^Dp-brane System 

In this section, we investigate stringy counterparts of the three-parameter solution. We argue 
that the geometry expressed by the three-parameter solution is made by D-brane systems which 
are in general sources of closed strings in the bulk. We stress that we only consider static 
sources and do not take into account interactions of open strings on the D-brane. Therefore 
they can be consistent sources of supergravity fields, even if they are unstable system. As a first 
step, we deform the boundary state for BPS Dp-branes appropriately, and compare the long 
distance behavior of the solution with the massless emissions from them. And then, we give 
some examples. 

3.1 Deformations of Boundary States 

To obtain the three-parameter solution, we have required that the solution has the symmetry 
ISO(l,p) x SO (9 — p) and it carries a RR (p + l)-form charge as explained in the previous 
section. Therefore the source of closed strings, which produces the three-parameter solution, 
should respect the following restrictions at least in the low energy regime; 



Note that the third condition can be slightly relaxed (see below). 

Needless to say, the system of coincident BPS Dp-branes is such an example. N BPS Dp- 
branes are expressed by the boundary state, 



1) has the symmetry ISO(l,p) x SO (9 —p), 

2) carries only the RR (p + l)-form charge, 



(3.1) 



3) has the (^-function distribution in the transverse space. 




(3.2) 



with 6 



Bp) 

NS(RR) 



NS(RR) ' 




(3.3) 



In this expression, we have omitted the label "+' 



" of the spin structure. 
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where T p is the tension for a single Dp-brane, fx = 0, 1, • • • ,p are the directions longitudinal to 
the worldvolume, i = p + 1, • • • ,9 are the directions transverse to the Dp-branes, and a^ n and 
b^f r (5*^ and b_ r ) are the creation operators of the modes of the left-moving (right-moving) 
worldsheet bosons and fermions, respectively. Smn = diag (ij^ u , — <%) gives Neumann (Dirichlet) 
boundary conditions on the string worldsheet in directions, respectively. Here the number 
of the Dp-branes N is the only microscopic parameter. In this case, it is shown that massless 
emission from this boundary state agrees with the long distance behavior of the BPS black 
p-brane [21] under the identification, 

2kNT v , . 

M = Tn r^—, (3.4) 

(7 - p)u 8 - p 

which relates the macroscopic parameter /iq with the microscopic parameter N. Of course, the 
system with N Dp-brane also satisfies the same ansatz, which is simply given by replacing N 
to -N in the RR-sector of (GOJ) 7 . We can also consider the system with N Dp-branes and N 
Dp-branes without tachyon field which is given by the linear combination of the both above. 

We now take the BPS boundary state Q3.2|) as the starting point as mentioned in Sec.l 
and consider possible deformations of it with keeping the ansatzes (j3,lj) . which should be the 
counterpart of the discussion in Sec. 2, that is, on the supergravity side. One might try to deform 
it with massless open string excitations on the brane. However, the symmetry ISO(l,p) x 
SO(9 — p) prevents the fluctuation of massless scalar fields, and there should be no gauge flux 
since otherwise it produces other NSNS/RR-charges. Therefore, the excitations on the branes 
should be at least tachyonic and/or massive 8 . 

In order to make the discussion transparent, we formally deform the boundary state as 
follows. In the NSNS-sector, we set 



B ' P ) NS = CN Y ew 



V -rv M ? {n) a N +,T b M S' (r) b N 
/ j n a -n D MN a -n + ' u -r D MN U -r 

n=l r>0 



1^ = 0,^ = 0)^, (3.5) 



where 



Sfe? = diag V, . (3.6) 

Here A^ n > T \ BM and C are deformation parameters which deform the boundary state without 
changing its symmetry. When we take = = C = 1, the boundary state for 

the iV BPS Dp-branes is reproduced. We also deform the RR-sector of the boundary state (|3.3|) 
as the same manner but C = 1 in this case since we fix the RR-charge to be the same as the 
7 In this case, (13.411 is same but r) replaced by —1. 

8 Strictly speaking, the linear combination of the boundary state and other closed string states is also possible, 
but we do not consider this option. 
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N Dp-branes. We give some comments in order. First, one might assume the source object is 
a <5-function type located at the origin in the transverse space. But it will turn out to be too 
restrictive and can be relaxed slightly: the "width" of the source allowed to be less than the 
string length. We will come back to this point in the next subsection. Second, the effect of 
^A^ n,r \ _g( n > r )) i n is the deformation of the boundary condition. Here we note that only 

the r = 1/2 mode contributes the massless mode of closed strings emitted from the boundary 
state. In other words, the deformations for other modes, Sj^n an d $mat > are arbitrary in 
our analysis below. However, they should be related among them by other consistency, such 
as the modular invariance although we do not discuss them at this stage. Third, C denotes 
the difference of the overall normalization in the NSNS-sector from that in the RR-sector. For 
example, in the system of (N + M) Dp-branes and M Dp-branes, we take CN = N + 2M, the 
total number of branes, while the RR-sector has a fixed charge proportional to N. 

Then, we can calculate the massless emissions with momentum pm from this deformed state 
as we have done in In the NSNS-sector there are the graviton Hmn an d the dilaton </>, that 
are 

/(p) = (f( P )\A\D'p) = -CN^^e{ IN S^ MN , (3.7) 

1 Pi 



where | D'p) denotes the GSO projected deformed state, A is the closed string propagator and 
J 

'MN 



c ^ is the appropriate polarization tensor for / = YiMNify El- There is a similar expression for 



the RR (p + l)-form e A . In this case, since we set C = 1 for the RR-sector and since only the 
zero-mode part contributes to the massless fields, we obtain same result as the BPS Dp-brane. 
After the Fourier transformation to the position space, we obtain 

hMN{r) = (" V^ 1 nr^') C{A 2 B \i 2 -p)ll P ^ (3 - 8) 

C Ik NT 1 

*) = ¥ [-<p + l)A + P-P>m Tr ^ ?f=; . < 3 ' 9 > 

eV) = ± ^f^L ,3,0, 

where we write A = A^ 1 / 2 ^ and B = B^^ 2 \ Comparing these quantities (|3.8|) - (|3.10|) with the 
long distance behaviors l|2.38|) - l|2.41j) . we obtain the relation between the macroscopic quantities 
and the microscopic ones as 

2kNT v 

po = -jz r- 5 — , 3.11 

(7 - p)uj 8 -p 

m =^[(p+l)A + (7-p)B}, (3.12) 
d=^(A-B). (3.13) 
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We see from the eqs. (|3.12p and (j3.13|) that the two non-extremality parameters m and d in 
the three-parameter solution correspond to the deformation parameter (A,B,C) on the string 
theory side. The first non-extremality m 7^ 1 can be realized even if A = B = 1, by taking 
1. It means that the breaking of the BPS condition can occur within the ordinary boundary 
condition. However, the second non-extremality d 7^ requires necessarily A 7^ B. Therefore, 
in order to have the three-parameter solution with nonzero ci, it is necessary to deform the 
boundary condition from the ordinary one of the BPS Dp-branes so as to satisfy A ^ B. In the 
next subsection, we give examples of such stringy objects. 

3.2 Examples 

In this subsection, we give three typical examples realizing the deformed states in the string 
theory which we referred in the previous subsection by considering various types of the tachyon 
condensation. The first example is the case considered in jHJ. The other two examples are ob- 
tained from the tachyon condensation from higher /lower dimensional unstable D-brane systems. 
In general, deformations are interpreted as tachyonic/massive excitations on the DpDp system. 

3.2.1 Case 1: DpDp system with a tachyon VEV 

The first example is the DpDp system with a constant tachyon profile. To be precise we consider 
the (N + M) Dp-branes and M Dp-branes. The gauge symmetry of the worldvolume theory is 
U(N+M) x U (M) and there is a complex tachyon field T(x) in the bi-fundamental representation 
of the gauge group. Here we consider the case where the M DpDp-pairs vanish and N Dp-branes 
remain. Namely, we decompose the M x (N + M) matrix by M x N and M x M components 
and set the tachyon profile as 



where t is a constant MxM matrix. Note that other open string excitations, such as gauge fields, 
massless scalar fields and a non-constant tachyon, break the symmetry 750(1, p) x 50(9 — p). 

It is known that this system can be expressed by the off-shell boundary state on which the 
boundary interaction for the tachyon field is turned [251 126j . For our case, the NSNS-sector of 
the boundary state is then given by 




(3.14) 



B' pl t) m = [N + 2Tr M e-l*' 2 ] -fe~^ 



00 



PfM = 0,x* = 0> 



NS ' 



(3.15) 
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where Smn = {j]u,v> an d the trace is taken over M x M matrices. Note that it is the same 
as (j3.3j) except for the overall factor, N + 2Ttm e - '*' 2 , which simply comes from the tachyon 
potential V(T) ~ Tre~' r ' 2 . It reduces to the N + 2M in the limit \t\ — > 0, corresponding to the 
(N + M) Dp-branes and M Dp-branes, while reduces to N in the limit \t\ — > oo, corresponding 
to the N Dp-branes. 

Prom this state, we can read off (A, B, C) by comparing (|3.15|) with (|3.5j) as 

A = B = 1, C = 1 + -| Ti M . (3.16) 

Therefore, macroscopic quantities m and d are given by 

m = 1 + — Ttm e~'*' 2 , d = 0. (3.17) 

We see that the constant tachyon t only contributes to the ADM mass. Therefore, this sys- 
tem corresponds to at most two-parameter subset of the full three-parameter solution as we 
mentioned in [3], but it is an trivial example for our present purpose. 

3.2.2 Case 2: Unstable D9-branes to BPS Dp-branes 

Next example is the tachyon condensation from unstable D9-branes to the BPS Dp-branes. For 
simplicity, we consider Type IIB superstring theory, that is, the tachyon condensation from pairs 
of D9-branes and D9-branes to BPS Dp-branes. For Type IIA superstring theory, we start from 
non-BPS D9-branes and the discussion is completely parallel. Since a single BPS Dp-brane is 

- 7—p 

obtained from a pair of D(p+2)-brane and D(p+2)-brane, it is clear that it is obtained from 2~2~ 

r-p 

pairs of D9-brane and D9-brane via the tachyon condensation. Then let us consider N x 2 2 
pairs of D9D9-branes and the tachyon profile, 

T(x) =wy i x i ®l N , (3.18) 

where i = p+1, • • • , 9 are the transverse directions to the resulting Dp-brane, 7, are the SO(9— p) 
gamma matrices and u is a real parameter of dimension of mass. It is known that this system 
reduces to iV BPS Dp-branes in the limit u — > oo 9 . If we replace T to — T, the final state 
becomes Dp-branes. 

Here the effect of the tachyon profile (|3.18j) with u 7^ is twofold: First, it breaks the original 
global symmetry I SO (1,9) down to ISO(l,p) x SO (9 — p). Next, it produces the correct RR- 
charge of iV Dp-branes which is independent of the value of u. Therefore, this system satisfies 
9 For details we refer the literatures, which discussed in the context of the worldvolume field theory |27|. of the 
boundary string field theory 25 28 and of the boundary state |26|. 
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the first two items of the ansatzes ()3.ip for an arbitrary value of u 7^ 0. However, accurately 
speaking, it does not satisfy the third item. In fact, the intermediate state (0 < u < 00) 
is neither D9-branes nor Dp-branes but its energy density in the transverse direction has the 
Gaussian-shaped distribution with a width ~ 1/u. (This is easily seen by noting the tachyon 

2 i 

potential has the form V(T) ~ e~ u x Xi .) Therefore, if we allow the width of the source less than 
the string length, u should be sufficiently larger than 1/vW. We will evaluate it more precisely 
below. 

This system is again described by the off-shell boundary state of the D9D9 system with the 
tachyon profile (|3.18j) turned on |26j . It is given by in the NSNS-sector, 

\ B P'-> u )m = y / [^]TrFV^ M (*) | X" > Ng , (3.19) 

with 

/ T(X) \ 

M = , (3.20) 

\rt(x) ) 

where Tg is the tension of a single D9-brane, T(x) is given by (|3.18|) and the trace is taken over 
the Chan-Paton space of size 2 2 N. It represents the Neumann boundary state with arbitrary 
numbers of tachyon vertex operators attached. By evaluating the path integral and rewriting it 
with oscillators, we obtain (see Appendix for more details) 



Bp'; u > NS =N^ ' P ' DPl | P M = 0, X* = > Ng (3.21 



(3.22) 



F(S)S 1TO). (3,3) 



where y = Ana'u 2 is a dimensionless parameter, and the function F(y) is given by 
and 

An) _ ( y - n x \ Q (r) _ ( y - r x \ , . 

MN — I V> _|_ n °ij J ' A1N — yl/Jtu, ~ — -OijJ ■ 

The corresponding state for the RR-sector is similarly obtained. 

It is instructive to see the behavior of this state under the change of the value u (0 < u < 00). 
First of all, we can identify the state (|3.22|) with the deformed state ()3.5[) (apart from the zero- 
mode part) as 

A (n,r) = x B (n) = V^n fi(r) = y^^ Q = p ,^-p (3^5) 

y + n y + r 



14 



4 a 

3.5 : 
3 ; 
2.5 ; 

2 ; 
1.5 ; 

i - 
0.5; 

0.5 1 1.5 2 2.5 3 

Figure 1: Profile of F(y). The behavior of this function is the same as that of C, that is, C —* 00 
for y — * and C — > 1 for y — > 00. 

AS n > r ) j s i nc i e p enc l en t of y, which means that the tangential directions always satisfy the Neumann 
boundary condition. On the other hand, l?( n,r ) is a monotonically increasing function of y, 
starting from — 1 (Neumann) at y = and goes to 1 (Dirichlet) at y —* 00. It means that the 
transverse directions satisfy a mixed boundary condition of Dirichlet and Neumann. Roughly 
speaking, the boundary condition is Dirichlet-like for l?( n > r ) < and Neumann-like for l?( n > r ) > 0. 
Probing only by the massless fields, this state has similar feature as the BPS Dp-branes at least 
in the range sufficiently larger than y = 1/2, although other higher modes can be Neumann-like 
in this region. C behaves as a monotonically decreasing function of y with C — * 00 for y —* 
and C — > 1 for y — ► 00. (We give the profile of the function F{y) in Fig^) Therefore the 
effective tension is always greater than that of the BPS Dp-brane. Although this factor itself 
is not well-behaved at y — > 0, combined with the contribution from the zero-mode, we recover 
the correct tension for the D9-brane (see Appendix). The zero-mode part depends directly on 
u and means the Gaussian-shaped distribution in the transverse with a (width) 2 = l/87ru 2 . 
Strictly speaking, this is excluded from our assumption for the deformed state. However, since 
we only concern the massless emission, it is enough to demand the delta-function source at the 
low energy, that is, the value of u such that 1/8ttu 2 < a' is in fact well- localized in the limit 
a' — ► 0. This condition is equivalent to y > 1/2, which is the same region discussed previously. 
When the width is the order of the string scale, then the supergravity approximation is no longer 
valid and the a'-correction in the equation of motion and also the source should be taken into 
account. In this case, the zero-mode factor in ()3.22j) is nothing but the a'-corrected (^-function 
source considered in [2^1 m the context of the smearing of the singularity. 




15 



Figure 2: Profiles of m's of the unstable D9-branes for various p's. For the region y > 1/2, m 
is very closed to 1, that is, the solution is near extremal in the whole parameter space of the 
three-parameter solution. 




Figure 3: Profiles of d's of the unstable D9-branes for various p's. 

Thus, at least in the region y > 1/2, we can identify this microscopic state with the macro- 
scopic quantities as 

m = F(yf- ^l + P ~ Z , d = F(yf-P—!—. (3.26) 
K ' 4(2y + l) V7 2y + l y ' 

The behavior of m and that of d as function of y are shown in Fig|2] and FigEl respectively. 
Then, we see that they represent a trajectory in the (m, d) space and belong to the branch I + : 
m > 1, d > 0. This gives two-parameter subset of the three-parameter solution, which possesses 
an non-extremal dilaton charge. 

As a final remark, we note that the deformation here is also regarded as a massive excitation 
of open strings on the BPS Dp-branes, since a tachyonic excitation on the top of the potential 
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Figure 4: The black circle corresponds to the state in the way of the tachyon condensation from 
a system of unstable D9-branes to that of BPS D-branes. From the viewpoint of the (false) 
vacuum (A), it can be regarded as a tachyon excited state. On the other hand, if we look it at 
from the (true) vacuum (B), it can be regarded as massive excited state. 

is equivalent to the massive excitation from the viewpoint of the bottom (See FigHJ). In fact, 
the original expression (|3.2U|) represents the deformation of the D9D9 system by a tachyonic 
excitation, while in (|3.21f) the same system is described by the Dp-branes with massive vertex 
operators f derPj-DPj turned on. 

3.2.3 Case 3: Unstable D-instantons to BPS Dp-branes 

The third example is the tachyon condensation from a system of unstable D-instantons to the 
BPS Dp-branes. In this case, the BPS Dp-branes can be constructed as bound states of infinitely 
many unstable D-instantons 10 . For the concreteness, we consider a system of non-BPS D- 
instantons in Type IIA string theory. There are ten scalar fields <& M and a tachyon field T on 
them. They are regarded as self-adjoint operators acting on the infinite dimensional Hilbert 
space, since the worldvolume is zero-dimensional and the matrix-size is infinite. Then the 
configuration representing N BPS Dp-branes is given by 

T = vp li ®-f®l N , (3.27) 
= x** ® 1 ® ljv, ¥ = 0, (3.28) 

10 For details we refer the literatures discussed that issue from the viewpoint of the worldvolume theory 
30 3l||32l and from the viewpoint of the boundary state |26|. 
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where and p^ are operators on a Hilbert space satisfying the canonical commutation relation, 

[x»,Pv]=i6» vi (3.29) 

fj, = 0, 1, • • • ,p are the worldvolume direction and i = p + 1, ■ ■ ■ ,9 are the transverse direction 
and 7^ are Hermitian gamma matrices, v is a real parameter with dimension of length and this 
configuration becomes an exact solution in the limit v — > oo. 

The intermediate state (0 < v < oo) can be interpreted as a (p+l)-dimensional object, which 
has a fuzzy worldvolume in some sense. This is most easily understood as follows. Recall that 
the each set of eigenvalues of the scalar fields {$ } represents the position of each individual 
D-instanton. In the absence of the tachyon profile (v = 0), they are distributed uniformly on the 
(p+l)-dimensional plane, since the spectrum of x^ spans the real axis. Note that they are still the 
collection of the D-instantons. However, if we turn on the tachyon profile (v > 0), D-instantons 
become correlated among them. As seen from the tachyon potential V(T) ~ Tre~ v2 ^ a ^ a , the 
momentum distribution is localized around the origin of the momentum space with a width 
Ap ~ 1/v. This means (in an appropriate way) that the position of each D-instanton becomes 
uncertain with an amount of Ax ~ v. Then, in the limit v — ► oo, it becomes Ax = oo and we 
cannot observe the individual D-instantons and the worldvolume of Dp-brane appears. 

The off-shell boundary state describing this system is given by the Dirichlet boundary state 
with the scalar and tachyon fields turned on as the boundary interaction. In the NSNS-sector, 
after calculating the trace over the Chan-Paton Hilbert space, we have 

\B P ';v) m =N^ J [^] e -lM DX ^|X^ = 0) NS , (3.30) 

= AT^ F (y)P+l e -£~ ! i«^5?n4iEr>0^^| P(1 = , X* = ) Ng , (3.31) 



F(y) = V=4-TT- , (3-32) 



where y is a dimensionless parameter y = v 2 /ira', F(y) is a function 

y 1/2 r\y 

/ 4^r(2y) 

and 

„(m) _ / 

y + m J \y + r 

which is very similar to 1)3.22(1 . Then we can identify this state with the deformed state (|3.5|) 
with setting the parameters as 

A (n) = A (r) = VjZl^ B {n,r) = 1 q = F ( y \P+\ (3.34) 

y + n y + r 



um) _ ( y~ m r \ c (r) _ 1 y-r , 
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Figure 5: The left figure is the profiles of m's of the system of unstable D-instantons for various 
p's. The right one is a close-up of the left one around m = 1. From these figures, it is clear 
that all m's are always larger than 1 for sufficiently large y and asymptotically approach 1 as y 
increases. 

Note that the zero-mode part is exactly the delta-function in this case. The boundary condition 
in the worldvolume direction is now deformed to A^ n,T \ which connects A^ n,T ^ = — 1 (Dirichlet) 
for y — > and A^ 1 ^ = 1 (Neumann) for y — ► oo. This is understood more easily from the 
viewpoint of the deformation from the iV BPS Dp-branes, that is, the expression (j3.3()j) . on 
which a massive vertex operator j D~X.^D 2 ~K^ turned 11 . Since such a vertex operator 
makes the end point of the open string massive, the freely moving endpoint at y — > oo becomes 
heavier and heavier as y decreases, and finally it is completely frozen in the limit of y — > 0. The 
behavior of C as a function of y is the same as the previous example. Here the divergence at 
y = is reflected simply by the original system has infinite number of non-BPS D-instantons. 

Comparing the massless emission from this state and the long range behavior of the three- 
parameter solution, we can relate the macroscopic to the microscopic quantities as 

m = F{yY + ^l~ P + * d=-F(yf +l ^—, (3.35) 
yy> 4(2y + l) ' yy> 2y + l' y ' 

and the profiles of these parameters are depicted in Fig|3 and FigH3 In this case, one might 
conclude that the description of the supergravity is valid for all region of y since the configuration 
of D-instantons does not seem to break the ansatzes (j3.1j) . However, as shown in Fig. m is 
smaller than 1 if y is too small, which is out of the parameter region of the three-parameter 
solution. This means that this system is consistent with the three-parameter solution only 
when y is sufficiently large. This would be understood as follows. As mentioned above, when 
11 See also recent discussions on the relevance of vertex operator here and fuzziness of the worldvolume |33 | |34 | . 
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Figure 6: Profiles of d's of the system of unstable D-instantons for various p's. All cfs takes 
arbitrary negative value. 

v (y) is small, the boundary of open strings on the "D-brane" is localized in the tangential 
directions. From the viewpoint of closed strings, this means that the size of loops that construct 
the (deformed) boundary state is localized when y is small, that is, the translational invariance 
is spontaneously broken. This is also related to the uncertainty of the position of D-instantons 
in the tangential directions. In order to recover the translational invariance of closed string on 
the brane, the uncertainty must be far larger than the string scale, Ax ~ v > Vc/, that is, 
y > 1 where m is larger than 1. Since the other non-extremal parameter d is always smaller 
than (see FigEJ), we conclude that the tachyon condensation from unstable instantons to BPS 
saturated Dp-branes is expressed by a three-parameter solution in the branch m > 1, d < 0. 

3.2.4 Tachyonic/massive excitation on the DpY)p system 

We have illustrated three types of deformation above. Here we would like to capture the general 
feature from above examples and discuss a possible generalization. 

First, we summarize the three cases. We considered the situation where the RR-charge is 
fixed as the same value as N BPS Dp-branes have. In Case 1, the DpDp system with an tachyonic 
excitation gives the three-parameter solution with d = at low energy, which is trivial in some 
sense. In Case 2, we considered the tachyon condensation on the D9D9 system, which gives the 
solutions with < d. It is equivalent to the massive excitation on the BPS Dp-branes. On the 
other hand, in Case 3, although the tachyon condensation on the unstable D-instanton system 
is also equivalent to the massive excitation on the BPS Dp-branes, their low energy solutions 
have d < 0. The difference between Case 2 and Case 3 is the polarization of the massive vertex 
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operators: The bosonic part of the vertex operator j daPiDP 2 is dij j dcrd T X' l d T X 3 , which 
describes the lowest massive mode of open strings, a rank 2 tensor with zero momentum. On the 
other hand, the vertex operator J daDX. ll D 2 X. fl = rj^ f dad a X^d a X v + • • • has a longitudinal 
polarization. Physically, the effects of transverse (longitudinal) polarization is characterized by 
the fuzziness of the worldvolume in the transverse (longitudinal) direction, respectively. In the 
context of the scattering of massive open strings, their difference is argued for example in |35| . 
We here observe that the difference in the polarization is seen as the sign of d if we probe these 
systems by massless closed strings. 

Next, we discuss the possible generalization of the process of the tachyon condensation. In 
Case 2 and 3, we have only considered the tachyon condensation to BPS Dp-branes. However, 
we can also construct a DpDp system as long as they have the same RR-charge proportional to 
N, Therefore, recalling that a tachyon excitation on a system of unstable D9-branes or unstable 
D-instantons is regarded as a massive excitation on the resulting Dp-branes (see Fig. QJ), we can 
combine the three cases as the DpDp system with tachyonic and massive excitations. As we have 
seen above, the tachyonic excitation contributes to m and the massive excitations contribute to 
both m and d. Note that 1 < m in any case. 

It is then quite natural to take into account for higher massive excitations. Let us consider 
vertex operators quadratic in X, say, 

J dad l T X l d l T Xi, or J dad l a X^d l a X^, (3.36) 

with I = 1, 2, • • • . It is easy to show that such an excitation gives rise to the deformation of the 
boundary state in the form (|3.5[) . It follows that they also contribute to the three-parameter 
solution and gives another trajectory in the (m, d) space. Note that the relation between the 
polarization and the sign of d is unchanged. We can also consider vertex operators with higher 
power in X, unless they break the global symmetry. In this case, the resulting deformed state no 
longer has the form 1)3. 5 Jl but treating these vertex operators as perturbation, they contribute to 
the coupling to massless modes of closed strings. In any case, our conclusion is that the DpDp 
system with tachyonic and massive excitations are seen as the three-parameter solution at the 
low energy. 

4 Conclusions and Discussions 

In this paper, we discussed the stringy origin of the general solution of Type II supergravity 
with the symmetry ISO(l,p) x SO(9 — p), which is called as the three-parameter solution. 
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This solution contains the BPS saturated black p-brane solution in the parameter space, whose 
source is BPS saturated Dp-branes expressed by a boundary state. We characterized the three- 
parameter solution in terms of two non-extremality parameter m and d on the supergravity side. 
On the other hand, we discussed a class of the deformation of the boundary state on the string 
side. Then we determined the relation between the (macroscopic) non-extremality parameters 
of the classical solution and the (microscopic) deformation parameters by extending the corre- 
spondence between the BPS black p-brane solution and the boundary state. In particular, we 
showed that the dilaton charge is related to the deformation of the boundary condition. 

We gave three examples of deformed boundary states by considering the tachyon conden- 
sation. The first example is a DpDp-brane system with a constant tachyon VEV discussed in 
[H], the second and the third example are the tachyon condensation processes from the unsta- 
ble D9-branes and the unstable D-instantons to the BPS Dp-branes, respectively. In the latter 
two examples, the boundary condition in the longitudinal and the transverse directions are de- 
formed, respectively, then the corresponding classical solution learns to possess a non-trivial 
dilaton charge. We also showed that the deformed systems are generally regarded as tachyonic 
and/or massive excitations of the open strings on DpDp-brane systems. 

Our method is also applicable to the charge- neutral case and/or more complicated (less 
symmetric) systems. For example, the intersecting D-brane system is the one with several RR- 
charges and less global symmetry |.'Sf)( \'A7\ . Another possible application is the study of the 
relationship between the stability of the supergravity solution and that of the D-brane system. 
In this paper, we only consider a static solution, thus the source is also static even if tachyon 
fields are excited. However, if we consider a perturbation from the solution, the unstable modes 
are expected to correspond to tachyonic excitations on the D-branes. This would give the stringy 
meaning of the instability of the supergravity solutions. 

It is also interesting to investigate the properties of the dilaton charge further. As we 
repeated in this paper, the existence of the dilaton charge changes the structures of spacetimes, 
in particular, it generally makes the spacetimes have no horizons. Therefore, the study of the 
dilaton charge from the viewpoint of string theory might lead us to the understanding of the 
meaning of the horizons from the viewpoint of the string theory. However, since the three- 
parameter solution does not have the horizon in most region of the parameter space, we will 
have to treat the four-parameter solution which has the horizon in some parameter region [IJ |5] , 
in order to play with the most interesting feature of black objects. For this purpose, our strategy 
is expected to be essentially applicable. If we can clarify this issue, it might be possible, for 
example, to understand the Schwarzschild black hole in terms of the string theory, which would 
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become one of the points of contact for the string theory and the general relativity. 
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A Construction of Boundary States 
A.l Construction from D9-branes 

In this appendix, we review the tachyon condensation from a D9D9 system to N BPS Dp-brane 
in Type IIB superstring theory |26j . 

We start with a off-shell boundary state corresponding to D9D9-brane system in the NSNS- 
sector on which the tachyon field is excited; 



where | -B9) NS is the boundary state of a single D9-brane in the NSNS-sector (|3.3|) and 



is a boundary interaction and P denotes the supersymmetric path ordered product. X (a) and 
P M (a) denote the position boundary superfields and the conjugate momentum superfields on 
the boundary, respectively, and a = (a, 8) is the boundary supercoordinate. For notation of the 
superfields and the supercoordinate, see [SHI- For construction of the boundary state, see 
When M can be expanded by SO {2m) gamma matrices Y 1 (/ = !,••• , 2m) as 




(A.l) 





(A.2) 



k=0 



(A.3) 
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it is convenient to rewrite the boundary interaction using fermionic superfields as !0v i2 



[dT 1 ] TrPexp I J da (^T 1 DT 1 + ^M h ... Ik T h ■ ■■T Ik j j 



(A.4) 



We fix the measure of the path integral so that the boundary interaction (JA.4JI gives the number 
of D9-branes in the absence of the tachyon field. 

Suppose N2^~ri/ 2 -pairs of D9-brane and D9-brane and consider the tachyon profile, 



M = u rx ! ®i N , 

where T % (i = p + 1, • ■ ■ ,9) are the ,50(2(9 — p)) 7-matrices. Then (|A,lj) becomes 



Bp;u] 



NS 



[dX. M dT i ] TrPexp 



X 



M 



(A.5) 



(A.6) 



where the measure [d~K M ] is determined so that this state becomes the boundary state of 
AT2( 9 -p)/ 2 - P airs of D9-brane and D9-brane in the limit of u -> 0. Since | X ) = J d <" xp | X = ) 
using the conjugate momentum superfield P, the boundary fermion fields T l are replaced by 
the momentum superfields P* by carrying out the functional integral for X* and T\ Moreover, 
it is easy to check that this state imposes the Neumann boundary condition for the directions 
fx = 0,--- ,p. Then (fA~TT) can be written as 

1 



Bp';u] 



NS 



A^exp 



da 



Au 2 



Pi DP, 



Bp] 



NS ' 



(A.7) 



where we determine the constant factor of ()A.1|) so that | Bp'; u) NS becomes the boundary state 
corresponding to the NSNS-sector of N Dp-branes in the limit of u — > 00. 

Using the explicit expression of Pi(a) by the string oscillators and the zeta- function regu- 
larization, 



n 



m=l 



771 + O 



r(a + i) 



n 

r=l/2 



T(a + 1/2) 



r + a 



2tt 



(A. 



we obtain 



T, 

1 1 1 



Bp';u) NS =N^ 



4V /2 r 2 (y) 



4vrr(2y) 



9-p 



nL P+ i dpi 

(27T) 



with 



S 



(n) 
MN 



9-p 



exp 



cxp 



PJ 



00 1 00 
V -a M 5 (n) n N + 7 V b M 5 (r) b N 

/ j a -n J MN a -n ' ' u -r°MN u -r 
n=l r=l/2 



8TTU 2 



I Pn = 0, p 



2 /NS ' 



(y = 4ira'u ) 



y + n 



S 



(r) 
MN 



y-r 
y + r 



(A.9) 
(A.10) 



The TrP in the second line is necessary when Mjj.../^ are also matrices. 
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We can easily show that (|A.9|) correctly becomes the boundary state of the NSNS-sector of the 
N Dp-branes in the limit of u — > oo, which is apparent from the original definition ()A.7|) . On 
the other hand, in the limit of u — > 0, (|A.9|) becomes 



| Bp'- u - > = 2 (9- P )/ 2i y( 47r2a/ )' 2 (9 ' P)/2 ^e-^^ 1 W^^/. « | PM = ) NS . 

(A.ll) 

Since (47r 2 a')" (9 " p)/ % = T 9 , (lA~9|) correctly expresses the tachyon condensation from N2^ f)/ 2 - 
pairs of D9-brane and D9-brane to A" Dp-branes. 

For the RR sector, we can carry out the similar calculation and a deformed boundary state 
like (|A.9|) appears, that is, the boundary condition and the zero-mode part is deformed. However, 
in the case of the RR-sector, the normalization factor of the state does not depend on u since the 
contribution from the bosonic oscillators and the fermionic oscillators completely cancel. This 
leads to the conservation of the RR charge under the tachyon condensation. 

A. 2 Construction from D-instantons 

Next, we review tachyon condensation of infinitely many non-BPS D-instantons to the A" Dp- 
branes. For detail, see 

In Type IIA superstring theory, a state corresponding to non-BPS D-instantons with scalar 
profiles and a tachyon profile is given by 

\B P ') = e- s »^\B(-l)) NS , (A.12) 



where 



e 



^ = TVPe/^ M ^, M=( i * MPM T \, (A.13) 



T -i$ M P 



M 



is a boundary interaction. 

The solution that corresponds to A" Dp-branes is 

T = vp^ ® ljv ® 7 M , $ M = & ® 1 N ® 1, = 0, (A.14) 

where 7^ are gamma matrices, and x^ 1 and p^ are operators satisfying 

[x*,p„]=i$£. (A.15) 

In the configuration (|A.14|) . the matrix M is decomposed as 



m = H^p m ) 1 + (vp.) r», = (A.16) 
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then it is again convenient to use the boundary fermion as (|A.4|) : 

e~ Sb = J [dY^] TrP exp I J da Qr'W - ix^Y^ + (up M ) 1"^ 

= N j [dY^dx^dp^] exp I J da Qr'W + ip^Dx» - ix^P M + vp^ 

= N J [aTW] 6 (Dx* 1 - ivY") exp I J da (^DY" - ix^P^ | 

= iV y [dX^] exp |y ( - AfP,, - ^DX^D^j | . (A. 17) 

Here we have replaced the operators x 11 and p„ by superfields x^(ct) and p At (S ; ) in the second 
line by adding the kinetic term ip^Dx^. Then we performed the functional integral for p M and 
r^. In the last line x 14 is identified with the superfield X^ on the string worldsheet. Then the 
state corresponding to this solution is 

| Bp'; v) NS ^ J [dX"] exp U da (-iX»Y ^ - ^DX»D 2 xA X | X M = > Ng 

= y [dX»] exp ij da (--^DX^D^xA \ \ X", X 1 = > NS , (A.18) 

where the measure has been fixed so that this state expresses the boundary state of N Dp- 
branes in the v — > oo limit. This expression can again be evaluated using the zeta-function 
regularization as 

i BpV „ >Ns ^(£y^r 



x exp 



4^r(2y) J 

oo _. oo 

V -a M S (n) a N + i V b M S (r) b N 

n=l r=l/2 



|p M = 0,x i = 0) NS , (A.19) 



where y = v 2 /ira' and 

c (n) _ f y-n \ ( r ) _ f y-r \ , . c\r\\ 



In the limit of y — > oo, 



as shown in Fig^ 
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